Recent progress in animal biometrics has revolutionized wildlife research. Cutting edge techniques allow researchers to track individuals through noninvasive methods of recognition that are not only more reliable, but also applicable to large, hard-to-find, and otherwise difficult to observe animals. In this research, we propose a metric for boundary descriptors based on bipartite perfect matching applied in shark dorsal fins. In order to identify a shark, we first take a fin contour and transform it to a normalized coordinate system so that we can analyze images of sharks regardless of orientation and scale. Finally, we propose a metric scheme that performs a minimum weight perfect matching in a bipartite graph. The experimental results show that our metric is applicable to identify and track individuals from visual data.
Introduction
The ability to recognize individuals is a requirement for several aspects of ecological research and essential for environmental conservation [16] . Research in animal identification started at the end of 1960's and first results were presented in 1976 [19] . Biometrics is a science usually applied to humans, but it has showed to be very promising for identifying, classifying, tracking, monitoring diseases in animal population [1] . Since the beginning, main studies were developed around cattle for their economy importance in agriculture and the fairly easy access to the animals, but it has been expanding to other species as technology evolves.
In the past, the technology existent to identify animals was generally invasive like ear tags, leg rings, collars, number tattoos and hot branding. Not only some of these procedures could potentially hurt the animals, they were also not reliable since tags and collars could just fall off, resulting in financial and data loss. Advances in computer vision combined with unique animal characteristics provided non-invasive solutions to animal identification [10, 2] . Initially, these systems were strongly reliable on large sets of unconstrained data, preferably taken in natural conditions in order to facilitate the identification work done manually or semi-manually [21, 9, 24, 18, 22] . The next step was to research fully automated systems capable to locate, identify and classify data. Such discoveries would then be the bridge for more advanced animal recognition and biometrics systems like the ones recently available. This approach eliminates the subjective human observer iteration and allows biologists to collect and process data in a scale not reachable before. Generally, this methods require a combination of a framework to detect the animal against a noise background and a biometric system to identify the unique features and match them [10] . A recent example of a fully automated identification system is the deep learning framework for cattle recognition. Based on the uniqueness and immutable nature of cattle's muzzles beads and ridges, it was possible to develop a system that applies point image pattern to identify specific individuals [11] .
A different approach emerged to satisfy the need of biometric identification that was not dependent on texture. Hughes and Burghardt [8] introduced the idea is based on an already existent technique of using the fin shape to track sharks manually and semi-automatically [23] , and its focus is on the contour information of smooth or textureless objects, specifically applied to great white shark dorsal fins in an unconstrained environment. This was the first partially automated contour-based visual ID system in animal biometrics [8] . The intention of this paper is to propose a novel biometric design for boundary descriptors based on bipartite perfect matching, and apply it into shark identification, seeking to later use it in a big data setting to track an individual shark. We utilize the work of extracting dorsal fins, then, inspired by Affine Transformations as presented in [5] , the contour of the extracted dorsal fin is translated to a normalized coordinate system in order to guarantee orientation and scale invariance. Such properties are required on the use of our bipartite perfect matching based metric.
Minimum weight perfect matching in a bipartite graph has already been shown successful in designing a metric [14, 17] . Inspired by these previous works, we designed a metric that can be computed in three steps. First, given two sets of dorsal fin contour keypoints, we create a bipartite graph such that every keypoint in the first set shares an edge with every key point in the second set. This is a fully-connected bipartite graph. Then, we weight each edge by calculating the Euclidean Distance between each of the nodes. Lastly, we perform a minimum weight perfect matching algorithm [4] , and the sum of the edge's weights of the perfect matching is our metric.
Related Work
Animal biometrics are defined by the measurable data related to appearance aspects [12] , movement characteristics and vocalizations of animals that can be used as biometric entities [6] . In order to be a suitable biometric entity, such traits must be measurable by a recording device, adequately permanent, characteristic of the animal class of interest and universally displayed throughout the relevant population, such as the stripes on zebras [13] and tigers [7] or the spots on cheetahs [9] . However, not every physical characteristic fits the definition, for example, the injury marks in white sharks are salient and unique, but they heal quickly and such temporal variability can limit their use as biometric entity for long-term studies [10, 3] .
Recently, deep learning approaches like in [11] are very popular. Their goal was to develop a successful non-invasive biometrics framework to manage cattle. The work involved preparing a database of muzzle point images, extracting the salient texture features and representation of muzzle point image using convolution neural network and deep belief neural network, and the use of a denoising auto-encoder technique to encode the extracted features [11] . Image segmentation is successfully accomplished by deep learning, however it is difficult to develop a measuring system for the extracted feature [15] .
A close related work to ours is presented by [8] . Their work discusses an automated visual identification of individual great sharks from dorsal fin imagery. The approach addresses the dorsal fin as a textureless object, flexible and partially occluded. In order to identify biometricly an individual shark, they used a stroke model for fin detection, followed by a scale-space selective fingerprint to encode the fin individually. Also, they measure the species-specific distribution of visual uniqueness along the fin contour, and finally they propose a non-linear model for individual animal recognition and combine all approaches into a framework. This framework is classified as fine-grained since it takes into consideration the specific shape and the ridges of individual dorsal fin, multi-instanced since the images can be multi-labeled semantically according to the shark present, flexible since fins can bend, and fairly textureless for its lack of texture [8] .
Methodology

Boundary Descriptor
Let c(u) represent the contour of an object as following;
where u is the any parameter, and x(u) and y(u) denote coordinate functions of the contour, respectively. The contour is smoothed by convolution with the Gaussian function G(u, σ), hence
where G(u, σ) = 1 √ 2πσ 2 e − u 2 2σ 2 , σ is a standard deviation, and * denotes the convolution operator [25] . The corner response function is defined
where mσ = m× σ, "×" denotes ordinary multiplication, i.e., m > 1 is a multiplier factor [25] . Viewed as a bandpass filter, by varying m and σ, the operator can be tuned to different frequency components of contour shape [8] . be the point at the tip of the fin as shown in Figure 1 .
Boundary Descriptor Distance
We propose a transformation function to design an orientation and scale invariant distance between a pair of contours. 
and β = arctan y(u2)−y(u0) x(u2)−x(u0) .
Given two boundary descriptors S 1 and S 2 , a bipartite graph B(S 1 , S 2 ) is defined with E = {(u, v)|∀u ∈ S 1 and ∀v ∈ S 2 }. For an edge (u, v), the weight of the edge is defined by
where (X(u), Y (u)) = f ((x(u), y(u))) and (X(v), Y (v)) = f ((x(v), y(v))), which is the Euclidean distance between (X(u), Y (u)) and (X(v), Y (v)). Proof. Let S 1 , S 2 be boundary descriptors with n elements. Computing the weights of the edges in B(S 1 , S 2 ) requires O(n 2 ) time. The minimum-weight perfect matching problem can be solved by using the faster scaling algorithm that is asymptotically bound by O(n 2.5 log(n)) [4] , from which the desired runtime follows.
Lemma 3.2. The boundary descriptor distance is a metric, i.e., for boundary descriptors S i , S j , and S k , the following four properties are satisfied.
Proof. Observe that non-negativity, identity, and symmetry properties follow directly from definition of the BD distance (i.e., Definition 3.6). To show the remaining subadditivity property suppose that M ij and M jk are the minimum weight perfect matchings in B(S i , S j ) and B(S j , S k ) respectively. Now, define a new matching in
For u, v, and w, W (u, w) ≤ W (u, v) + W (v, w) since the weighting function W is based on the Euclidean distance which is a metric. We have
Experimental Results
We study the characteristics of the boundary descriptor distance by comparing mutated images of two shark fins. First, we captured the dorsal fin regions from two different sharks, named Shark 1 and Shark 2. Second, we augmented the number of dorsal fin images by applying the Affine Transformations which will be explained in the following section. Lastly, we demonstrate the distances of dorsal fin pairs of Shark 1 -Shark 1 and Shark 1 -Shark 2.
Dataset
Affine transformation preserves collinearity and ratio. For our work, we use the transformation to achieve the data augmentation process. Such transformations are expressed by matrix multiplications, and the usual way to represent them is a 2 × 3 matrix M . To transform a 2D-image of S = [x y] T where x and y are the pixels of the original image, the transformed image is T = M · [x y 1] T . Please refer [20] for further information. We compute the Affine transformation matrix M for a 2-dimensional image given three points on the original image, (s 0 , s 1 , s 2 ) and three points on the resulting image (d 0 , d 1 , d 2 ). When M is applied to the original image, the result is an image where s i corresponds to d i for i ∈ {0, 1, 2}. Figure 2 illustrates the process. We fix (d 0 , d 1 , d 2 ) and iteratively generate (s 0 , s 1 , s 2 ) with the function s i = ρs i + (1 − ρ)r where s i is the previously generated point, 0 ≤ ρ ≤ 1 is a momentum constant, and r is a random number drawn from a uniform distribution. We use images of two distinct sharks, Shark 1 and Shark 2, and we augmented the image data performing a series of Affine Transformations resulting in 250 dorsal fin images for both Shark 1 and Shark 2. Samples are shown in Figure 3 . We then proceed to extract the contours by using Sobel edge detection and select 50 keypoints (|K| = 50) for each contour of a dorsal fin image. We define S i,k to be the boundary descriptor of i th dorsal fin image of the Shark k where i ∈ {1, · · · , 250} and k ∈ {1, 2}.
Distribution of pairwise distances from two sharks
We compute the boundary descriptor distance BD(S 1,1 , S i,1 ), ∀i ∈ {2, · · · , 250}, and their distributions are shown in Figure 5 with the legend Shark 1 -Shark 1. Similarly, we compute the boundary descriptor distance BD(S 1,1 , S j,2 ), ∀j ∈ {1, · · · , 250}, and their distributions are shown with the legend Shark 1 -Shark 2. In addition, the descriptive statistics are summarized in Table 1 .
Even it is clear that two distributions are distinguished, we performed the Wilcoxon signedrank test between two distributions to verify they are not identical shark, and it's p-value < 2.2e −16 , which accepts our hypothesis. 
Conclusion
In this paper, we described a metric for boundary descriptors based on bipartite perfect matching applied in shark dorsal fins that later will be used in a framework to identify and track individuals from visual data. To do so, we proposed a method to find the keypoints of a contour and a transformation function to perform a minimum weight perfect matching in a bipartite graph. Then, we could show that our metric is applicable to individual shark identification. 
